SUMMARY Spinal cord potentials produced by high voltage electrical stimulation of the scalp over the motor cortex were recorded intraoperatively from bipolar electrodes inserted into the epidural space of eleven patients undergoing corrective surgery for scoliosis. Responses to single stimuli could be recorded from the cord at all levels from cervical to low thoracic regions. The potentials were larger in the cervical than in the thoracic region and sometimes were followed by later waves at high stimulation intensities. Conduction velocity in large corticomotoneuron fibres was estimated to be between 50-74ms-1in different patients. This technique for monitoring motor tract function may be a useful adjunct to conventional monitoring of the sensory pathways during surgery.
Corrective operations on the spinal column for scoliosis carry a risk of serious neurological damage. This is quite small during Harrington rod instrumentation (04%), but is substantially higher during anterior approaches to the column such as the Zielke operation.1 Apart from the "wake-up" test,2 all current techniques of monitoring spinal cord function rely upon recording activity in sensory pathways. Many involve stimulation of peripheral nerves and recording of averaged somatosensory evoked responses (SEPs) at one of several sites, which may include the scalp, the exposed spinous processes, intervertebral ligaments, or from fine electrodes inserted into the epidural space (see ref3 for a compilation of papers). Japanese workers have devised a technique in which the spinal cord is stimulated directly at a high level through epidural electrodes, and recordings made from lower levels.4-6 However, even Recordings were made from bipolar electrodes (USCI 4F cardiac pacing electrodes; interelectrode distance I cm). During the operation, a 14G "Medicut" cannula was inserted through the exposed dorsal interspinous ligament. The electrodes were then fed through the cannula to lie in the epidural space over the dorsal surface of the spinal cord. Depending upon the length of the operation and the condition of the patient, it was not always possible to perform all the tests in each case. Cervical electrodes were introduced in all patients; in three of them another electrode was placed in the low thoracic region. In three cases an hexapolar electrode (Berkovitz-Castellanos) was inserted into the oesophagus, to lie at mid-thoracic level. In the initial experiments, signals were amplified and averaged using a Nicolet CAIOOO averaging system with Nicolet HGA 200A amplifiers. Later experiments were analysed using a Digitimer D200 system. In all cases the amplified signals also were recorded on a Racal Store 7DS instrumentation tape recorder with a flat frequency response from DC-2 5 kHz. This data was replayed later and analysed with a PDP 12 computer. All the figures were drawn using this latter method.
Responses from each single shock to the scalp area overlying the motor cortex were recorded using a bandpass of 30-3000 Hz. Sensory potentials to tibial nerve stimuli were recorded with a bandpass of 150-3000 Hz in averages of 256-512 sweeps. When it was necessary to compare velocities in afferent and efferent pathways both sets of responses were recorded with a bandpass of 150-3000 Hz. Descending nerve volleys, were recorded so that a negative potential at the proximal electrode produced an upward deflection at the final output. Electrode polarities were reversed when ascending volleys were recorded. Latencies were measured to the peak of each potential since the onset of the waves was difficult to define especially when following a large stimulus artefact. The potentials did not change in duration or shape at higher stimulation intensities, although they increased in amplitude. Thus, measurements of conduction velocity would have been the same whether peak latencies or onset latencies were measured. 
one patient we were able to verify that the peak latency in the thoracic region decreased at higher levels of stimulation, similar to the wave at cervical levels, and appeared to saturate at maximum intensity. No later waves were visible at the thoracic level of the cord ( fig. 2A) . The size of the low thoracic responses was increased slightly by reversing the polarity of scalp stimulation, so that the anode lay over the vertex (fig 2B) .
Two methods were used to calculate motor conduction velocities in corticospinal pathways. Where two electrodes were used, the conduction velocity was calculated from the interpeak latency and the inter-electrode distance as measured over the surface of the spinal column ( fig 3A) . When only one electrode was used, a response was recorded and the electrode was then moved distally 1-2 cm before a subsequent response was recorded. The difference in peak latency over the known distance that the electrode had been moved, then was used to calculate the motor conduction velocity (fig 4) . The results are summarised in table 2. The patient illustrated in fig 3 was the only individual with two recording electrodes in whom it was possible to measure the conduction time between the recording sites at different intensities of cortical stimulation. The figure shows the latency at the stimulation strength ("7") necessary to evoke minimal reproducible thoracic potentials. The interelectrode latency was the same at maximal intensity (see table 1), even though the volleys at cervical and thoracic level occurred some 0 2 ms sooner. Because of this, measured conduction velocity of the fibres between the electrodes was the same at all stimulation intensities. When conduction velocity was measured by moving the cervical electrode a known distance it was not possible to measure peak latency with sufficient accuracy to test whether stimulation intensity affected the result.
In three patients in whom two recording electrodes were used it was possible to compare the conduction time of afferent impulses produced by tibial nerve stimulation and efferent impulses following scalp stimulation between cervical and low thoracic levels (table 2). The motor and sensory conduction velocities were very similar in all three cases. In one patient, the velocity of the descending volley was slower than that of the fastest ascending sensory volley, but was almost the same as that of the second component of the sensory volley ( fig 3B) .
A less invasive form of spinal monitoring, using an oesophageal electrode was attempted with three of the patients. The estimates of motor conduction velocity in the patients in this series ranged between 50 and 74 ms-l. This compares with an indirect estimate of about 50 ms-' made in intact conscious adults by Marsden etal22 using the same stimulation technique. They stimulated over the scalp and also over the cervical cord and estimated the difference in latency to the onset of contraction in the same upper limb muscle. In contrast with this Levy and York'" using electrical stimulation of lateral spinal tracts, found motor conduction velocities well in excess of 100 ms -' However, their technique involved direct stimulation of the surface of the exposed spinal cord, which would not permit specific stimulation of the corticospinal tracts alone. Furthermore, Desmedt and Cheron23 recently have observed that external measurements of the spinal column over-estimate the actual length of the spinal cord and this would make our value of 74 ms for motor pathways an upper limit of conduction velocity in the spinal cord. Our values are similar to those obtained for conduction velocities in cortico-spinal pathways in monkeys. 24 The possibility of isolated damage to either sensory or motor pathways during manipulation of the spinal column has already been mentioned, and is thought to be related to differences in blood supply to these tracts.825 In addition, there is some evidence that spinal cord blood flow may be already compromised in patients with severe scoliosis. 26 We believe that we now have the means to monitor both motor and sensory spinal pathways. It is hoped that use of the two complementary techniques during corrective spinal surgery will help to reduce neurological complications. In addition, the technique may prove of value in monitoring the motor pathways during intraspinal
